Background-Endothelial function is central to the localization of atherosclerosis. The in vivo endothelial phenotypic footprints of arterial bed identity and site-specific atherosusceptibility are addressed. Methods and Results-Ninety-eight endothelial cell samples from 13 discrete coronary and noncoronary arterial regions of varying susceptibilities to atherosclerosis were isolated from 76 normal swine. Transcript profiles were analyzed to determine the steady-state in vivo endothelial phenotypes. An unsupervised systems biology approach using weighted gene coexpression networks showed highly correlated endothelial genes. Connectivity network analysis identified 19 gene modules, 12 of which showed significant association with circulatory bed classification. Differential expression of 1300 genes between coronary and noncoronary artery endothelium suggested distinct coronary endothelial phenotypes, with highest significance expressed in gene modules enriched for biological functions related to endoplasmic reticulum (ER) stress and unfolded protein binding, regulation of transcription and translation, and redox homeostasis. Furthermore, within coronary arteries, comparison of endothelial transcript profiles of susceptible proximal regions to protected distal regions suggested the presence of ER stress conditions in susceptible sites. Accumulation of reactive oxygen species throughout coronary endothelium was greater than in noncoronary endothelium consistent with coronary artery ER stress and lower endothelial expression of antioxidant genes in coronary arteries. Conclusions-Gene connectivity analyses discriminated between coronary and noncoronary endothelial transcript profiles and identified differential transcript levels associated with increased ER and oxidative stress in coronary arteries consistent with enhanced susceptibility to atherosclerosis. (Circ Cardiovasc Genet. 2011;4:243-252.)
A therosclerosis originates as focal arterial lesions in a predictable distribution at bifurcations, branches, and inner curvatures where blood flow separates from unidirectional laminar flow, collectively known as sites of disturbed flow. 1, 2 Susceptibility to atherosclerosis in different arterial beds varies temporally as well as spatially, and histological studies show differences in the initiation, progression, and composition of atherosclerotic plaques among artery types. 3 Proximal regions of human coronary arteries exhibit some of the earliest pathological changes with the appearance of raised lesions in young adults. Understanding the cellular and molecular basis of regional differences in susceptibility to atherosclerosis is necessary for the development of arterial bed-specific diagnostics and therapeutics.
Clinical Perspective on p 252
Endothelial cells (ECs) play a key role in the initiation and development of lesions. 4 Ultrastructural studies provided the first evidence of endothelial functional heterogeneity based on regional location. 5 Subsequent studies identified the diversity of endothelial phenotypes. 6, 7 ECs from multiple vascular beds retained some phenotypic diversity in vitro that corresponded to their in vivo origin. 8 Furthermore, when stimulated with oxidized low-density lipoprotein, cultured coronary artery ECs show changes in gene expression that are significantly different than stimulated venous ECs. 9 We have previously demonstrated EC phenotypic diversity related to atherosusceptibility 10 -12 and the significant association of EC phenotype with the flow environment in vivo. 13 Recently, we also characterized the presence of endoplasmic reticulum (ER) stress and the partial activation of the unfolded protein response (UPR) pathway in EC of atherosusceptible regions of noncoronary arteries. 14 However, a global understanding of the heterogeneous and complex endothelial phenotypes across the arterial tree remains elusive.
Systems biology approaches have been used to describe the components of the cardiovascular system. 15 These hypothe-size that networks of genes rather than linear pathways define complex physiological and pathological processes. To elucidate the heterogeneous endothelial phenotypes, we used gene coexpression networks in this study to identify modules that represent highly correlated endothelial transcript profiles across the arterial tree. In coexpression networks, the transcript expression is modeled to exhibit scale-free architecture in which most genes have few links, but a fraction of the genes are highly interconnected. These genes are termed hub genes and are used to reduce the complexity of the network architecture to infer biological insight. We observed that the most striking emergent property of the arterial endothelial network is the significant differences between coronary endothelium and other arterial beds. These differences may underlie the particular susceptibility of coronary arteries to atherosclerosis.
We show that endothelium in coronary and noncoronary arterial beds exhibit markedly different gene expression profiles. We further demonstrate that the endothelial transcript profiles in coronary arteries, when compared to noncoronary arteries, are consistent with the presence of ER stress and increased accumulation of reactive oxygen species (ROS), which may explain the increased susceptibility of coronary arteries to atherosclerosis.
Methods
The complete MIAME (Minimum Information About a Microarray Experiment) compliant annotation and data for this study have been deposited into the public repository ArrayExpress (accession number E-CBIL-42) and are available for user-friendly querying at www. cbil.upenn.edu/RAD (RAD study_idϭ3265). The study Web site contains information about the animal origin of each sample, hybridization protocol, feature extraction, and supplementary files that contain network and differential gene expression information.
Swine are an appropriate model for the study of susceptibility to atherosclerosis because the animals spontaneously develop lesions and the lesion distribution is very similar to that in humans, 16 including regions of the first 2 cm of the right and left coronary arteries, arterial curvatures, and proximal regions of the branch orifices, all regions associated with disturbed blood flow characteristics. 16, 17 Moreover, hypercholesterolemic diet induces accelerated disease progression, and the lipid profile is similar to that in humans. 18, 19 
Sample Collection
Small numbers of ECs from 13 distinct arterial regions ( Figure 1 , Table 1 ) were isolated by gentle scraping. Four to 8 samples (98 total) from each region were collected from 76 different normal swine aged 6 months and weighing Ϸ250 lbs (Hatfield Industries; Hatfield, PA). EC purity was 96.5%. 14 Regions showed normal histology with no signs of inflammation or lipid insudation. Gently scraped cells were transferred to lysis buffer, and RNA was extracted using the Absolutely RNA Nanoprep Kit (Stratagene; La Jolla, CA). RNA integrity was assessed using the Agilent Bioanalyzer, and total RNA with 28/18S ratio Ն2.0 was used for amplification using the MessageAmp aRNA Kit (Ambion; Austin, TX).
Microarray Hybridization and Data Processing
Amplified RNA was hybridized to custom-printed porcine microarrays (ArrayExpress array accession number A-CBIL-16). This array contains 12 288 reporters for the Sus scrofa species. Of these, 10 649 are from the Operon Pig Array-Ready Oligo Set, 1506 are controls (including 1234 blanks and 272 alien, ␤-actin Stratagene controls, and Cy3 anchors), and 133 are custom oligonucleotides. The oligonucleotides are 70 mer, with average melting temperature of 78°C. Cy5-labeled sample mRNA was combined with Cy3-labeled common reference RNA that consisted of aRNA amplified from pooled total RNA from all regions. Microarrays were scanned with the Agilent DNA Microarray scanner, and the images were analyzed with Agilent Feature Extraction Software version 9.1. Data preprocessing and print-tip loess normalization were performed after the removal of 1490 control spots using the Bioconductor marray package version 1.12.0 for R version 2.4.0. 14
Weighted Gene Coexpression Network Construction, Module Identification, and Visualization
A weighted gene coexpression network was constructed using the Weighted Gene Correlation Network Analysis (WGCNA) R package 20 to identify groups of genes (modules) whose expression is highly correlated (www.genetics.ucla.edu/labs/horvath/CoexpressionNetwork/ Rpackages/WGCNA). A summary of the network construction procedure is presented in online-only Data Supplement Figure 1 .
Two microarrays were filtered out as outliers on the basis of hierarchical clustering, using Euclidian distance as the similarity measure and average linkage as an agglomeration method (onlineonly Data Supplement Figure 2 ), and 9 microarrays with missing values for Ͼ500 reporters were discarded, resulting in 87 samples for the network analysis. Following the MGED ontology, reporter indicates an element on the array. The same gene might be represented by Ͼ1 reporter. Overall connectivity for each reporter was calculated by taking the sum of its Pearson correlation with all other reporters in the network. A total of 5573 reporters with an overall connectivity Ͼ5 was used for further analysis 21 (online-only Data Supplement Figure 3 ). A similarity matrix was constructed by calculating the biweight midcorrelation, which is robust to outliers, for all pairwise comparisons of reporter expression across all microarray samples. 22 This correlation matrix then was transformed into a matrix of connection strengths (weighted adjacency matrix) using a power function [connection strengthϭ(correlation) ␤ ] that resulted in a weighted network. The connection strengths represented in the weighted network continuously vary between 0 and 1 in contrast to an unweighted network where the connection strengths are either 0 or 1. The parameter ␤ was chosen by using the scale-free topology criterion 20 to be 6, such that the resulting network connectivity distribution approximated scale-free topology (online-only Data Supplement Figure 4 ). The connection strength matrix was used to calculate the topological overlap matrix. 23 From here on, for simplicity, we will use the term gene instead of reporter, with the understanding that our analyses were actually carried out at the reporter level. The topological overlap of 2 genes reflects their similarity in terms of the commonality of the genes they connect to. Modules are groups of genes with similar patterns of connection strengths with all other genes of the network (ie, having high topological overlap). 24 Modules were identified using the topological overlap matrix in conjunction with average linkage hierarchical clustering and a dynamic tree-cutting algorithm, 25 which uses an adaptive, iterative process of cluster decomposition and combination until the number of clusters becomes stable. First, a few large clusters were obtained by a static tree cut at height 0.95 ( Figure 2 ). The joining heights of each cluster were analyzed for a characteristic pattern of fluctuations, indicating a subcluster structure. Clusters exhibiting this structure were recursively split; however, very small clusters were joined to their neighboring major clusters to avoid oversplitting. Each module was summarized by its first eigengene (first principal component of the expression values across samples), and modules with similar gene expression identified by highly correlated eigengenes (correlation coefficient Ͼ0.95) were merged (online-only Data Supplement Figure 5 ). Samples were grouped according to atherosusceptibility (susceptibleϭ1 versus pro-tectedϭ2) or circulatory bed (coronaryϭ1 versus noncoronaryϭ2). Significant association of each module with either atherosusceptibility or circulatory bed was identified by performing the Student's t test to compare the eigenvalues of each module in phenotypes 1 and 2. False discovery rate (FDR) q-values were calculated from the nominal P values using the qvalue package in R version 12.2.2. The significant modules (FDR q-value Ͻ0.0001) were then assessed for enrichment in gene ontology terms using the Database for Annotation, Visualization and Integrated Discovery (DAVID) based on Fisher's exact test, using the 5579 reporter annotations as the reference gene list. 26 Table 1 Gene (reporter) interactions were visualized using Cytoscape version 2.6.3. 27 Intramodular connectivity for each reporter was calculated, taking the sum of its connection strengths with all other reporters in the same module. Each reporter's intramodular connectivity was scaled by the maximum connectivity strength within its module, which resulted in the reporter with the most connections within a module having a connectivity value of 1. The reporters with scaled connectivity of 1 in each module were designated as hub genes of the respective modules. This allowed us to prioritize which genes in each module associated with the phenotype of interest may play an important biological role. Reporters with intramodular connectivity Ͻ0.3 were filtered out, resulting in 3192 reporters (nodes) and 48 990 interactions (edges) for network visualization. The layout was obtained using the Edge-weighted spring-embedded algorithm, with connection strength as edge weight. The distance between 2 nodes is proportional to the strength of the connection between 2 nodes, with highly connected genes being the closest to each other. The nodes were colored according to the module they were assigned to by the WGCNA algorithm. For individual module network visualization, all the interactions between module reporters were used without filtering. The node size is proportional to the intramodular connectivity of each reporter. The largest nodes represent the genes with the highest connectivity and are denoted as the hub genes of the modules. A list of the reporters with their assigned modules and calculated intramodular connectivity is available at www.cbil.upenn.edu/RAD/extra/MultipleEndoSitesNormalPigs.
. Arterial Regions of Endothelial Cell Isolation

Differential Gene Expression Analysis
Differential expression analysis of genes was performed using Patterns of Gene Expression version 5.1.6. 28 Genes with Ͻ5% FDR (for coronary versus noncoronary arteries) or 25% FDR (for atherosusceptible versus atheroprotected comparison within coronary arteries) were considered differentially expressed. The list of differentially expressed genes was interrogated for statistically significant overrepresented biological themes using DAVID. 26 Differential expression analysis of gene sets was performed using Gene Set Enrichment Analysis. 29
Quantitative Real-Time Polymerase Chain Reaction
Primers for genes of interest are listed in online-only Data Supplement Table 1 . Quantitative real-time polymerase chain reaction was performed using LightCycler FastStart DNA Master SYBR Green I on a LightCycler System (Roche Applied Science; Indianapolis, IN). Genes of interest were normalized to GAPDH expression, and statistical significance was assessed using 2-sided Student's t test.
Ex Vivo ROS Detection
Fresh-harvested arteries were incubated with 10 mol/L dihydroethidium (Invitrogen) to detect ROS and 10 g/mL isolectin B 4 (Vector Laboratories) to detect ECs for 30 minutes at 37°C with gentle agitation followed by 1 minute 0.1 mol/L glycine rinse. Arterial ECs were imaged using a confocal-coupled BioRad Radiance 2000-MP Nikon TE-300 microscope. Three to 5 random images from each arterial region were quantified to determine the percentage of ECs with increased ROS. Statistical significance was assessed for the ratio of ECs with high ROS using the 1-sided 1-sample Wilcoxon test.
Results
Endothelial Phenotype in Coronary and Noncoronary Circulatory Beds
WGCNA identified 19 endothelial gene modules, each of which contained between 46 and 818 reporters with high topological overlap (online-only Data Supplement Table 2 , Figures 2 and 3) . Each module, therefore, is predicted to represent genes that share similar functions. Gene expression was evaluated for significance on the basis of 2 groupings: samples classified either by atherosusceptibility or by circulatory bed. Whereas only 4 modules (colored salmon, blue, light green, cyan) significantly correlated with the atherosusceptibility classification (FDR q-value Ͻ0.05), 12 modules showed significant association with circulatory bed classification (1.3ϫ10 Ϫ9 ϽFDR q-valueϽ4.4ϫ10 Ϫ2 ) ( Table 2,  online-only Data Supplement Table 2 , online-only Data Supplement Figure 6 ). These data suggest that arterial bed identity is highly significantly associated with endothelial transcript expression. In support of this result, 1297 genes (5% FDR) of 10 798 interrogated on the microarray were identified for further analyses as differentially expressed between coronary and noncoronary endothelial samples.
ER Stress-Related Gene Expression in Coronary Endothelium
Six modules that had highly significant correlation with circulatory bed classification (FDR q-value Ͻ4ϫ10 Ϫ4 ) were further interrogated for overrepresented biological pathways ( Table 2) . DAVID identified significant enrichment of biological functions related to ER stress, such as unfolded protein binding, regulation of transcription and translation, and redox homeostasis in several modules ( Table 2 ). DAVID analysis of the Ϸ1300 differentially expressed genes between coronary and noncoronary arterial endothelium also showed enrichment in biological pathways related to protein translation and ER stress (online-only Data Supplement Table 3 ). Consistent with earlier findings of an endothelial transcript profile indicative of ER stress and partial activation of UPR in noncoronary arteries, 14 the endothelial gene expression profile in coronary arteries therefore suggests that ER stress is also prevalent in those vessels as a distinctive criterion of artery bed differences.
Expression Profile of Hub Genes of Significant Modules
WGCNA allows for the interrogation of the structure of the endothelial network topology by simplifying the network from a large number of components (Ϸ6000 reporters) to a smaller number of interacting modules denoted by their hub genes. Genes with the highest intramodular connectivities denote the hub genes of each module and are presented as the largest nodes ( Figure 4 , Table 3 ). For example, COP9 subunit 5 (COPS5/JAB1) is the hub gene of the translation initiation factor activity module (cyan color). It encodes for a protein that is 1 of the 8 subunits of the COP9 signalosome that regulates proteasomal degradation of proteins. COPS5 has been shown to bind to the UPR pathway signaling molecule IRE1␣ in unstressed cells 30 ; therefore, decreased COPS5 expression in coronary arteries is consistent with increased ER stress in this arterial bed. DEK oncogene is the hub gene of the ribonucleotide-binding module (black color). DEK binds to DNA and RNA to regulate chromatin dynamics and RNA splicing, ensuring accurate splicing of mRNA. 31 Lower expression of DEK in coronary arteries compared to noncoronary arteries suggests increased transcriptional activity. G6PC3, which encodes the catalytic subunit of glucose 6 phosphatase (G6Pase), is the hub gene of the ATP-binding module (salmon color). G6Pase is located in the ER and catalyzes the hydrolysis of glucose-6-phosphate to glucose and phosphate in the last step of the gluconeogenic and glycogenolytic pathways. G6PC3 deficiency has been linked to ER stress, apoptosis, and NADPH oxidase expression in neutrophils. 32 Increased G6PC3 expression in coronary arteries compared to noncoronary arteries is consistent with the presence of ER stress and higher cellular energy demand in the form of ATP in ER-stressed cells 33 that may lead to accumulation of ROS in these regions. FAM190A is the hub gene of the nucleotide-binding module. A copy number variation study in esophageal adenocarcinoma predicted it to be a tumor suppressor gene. 34 Its exact function remains elusive; however, based on its high connectivity with genes in the nucleotide-binding module, it may play a role in DNA or RNA binding in ECs. Acyl-CoA synthetase long-chain family member 4 (ACSL4) is the hub gene of the unfolded proteinbinding module (green-yellow color). The protein encoded by this gene is an isozyme of the long-chain fatty-acid-coenzyme A ligase family that converts free long-chain fatty acids into fatty acyl-CoA esters, playing a key role in arachidonic acid metabolism. Superoxide dismutase 1 (SOD1) is the hub gene of the cell redox homeostasis module (light-green color). SOD1 is a key scavenger of free radicals by destruction of cellular superoxide ions. Its decreased expression in coronary endothelium would be consistent with higher levels of ROS in the coronary arteries compared with noncoronary vessels. Taken together, the significant correlation of hub genes of the 6 modules with coronary artery endothelial phenotype suggests the presence of ER stress and ROS accumulation in coronary artery endothelium.
Atherosusceptible Region-Specific Endothelial Phenotypes in Coronary Arteries
Because differential ER stress 14 and ROS-related gene 10 expression are regionally defined in noncoronary endothelium, we studied endothelial gene expression within coronary arteries in relation to regional atherosusceptibility. In susceptible proximal regions of coronary arteries (proximal left anterior descending, right coronary, left circumflex arteries) compared with protected distal regions away from branch sites (distal left anterior descending, right coronary, left circumflex arteries), differential gene expression analysis identified 262 genes (25% FDR), with higher expression of 258 genes and lower expression of 4 genes. Significant upregulation of protein biosynthesis-related pathways in proximal susceptible regions were noted (Table 4 ). A subset of 77 upregulated genes was functionally categorized into pathways associated with ER stress that is a consequence of increased protein output in cells (online-only Data Supplement Table 4 ). These data were similar to an endothelial transcript expression profile in susceptible regions of the noncoronary arteries reported previously. 14 In contrast, genes related to the redox status of cells were significantly upregulated in coronary susceptible regions (Table 5) as reflected by increased expression of prooxidant and antioxidant genes. Gene set enrichment analysis also identified gene sets related to redox homeostasis as upregulated in the same regions (online-only Data Supplement Table 5 ). These results suggest that although ER stress is common to atherosusceptible regions in coronary and noncoronary arteries, oxidative stress levels may be different between the 2 arterial beds. In agreement with this prediction, quantitative real-time polymerase chain reaction results showed that the antioxidant genes peroxiredoxin 2, thioredoxin, and antioxidant transcription factor nuclear factor like-2 (NRF2) had lower expression in coronary artery endothelium compared to noncoronary artery endothelium. These findings strongly suggest that there is less protection from oxidant stress in coronary arteries ( Figure 5 ).
Detection of Endothelial ROS in Different Arterial Regions
We measured endothelial ROS ex vivo using dihydroethidium bromide as an indicator of oxidative stress in different arterial regions. Dihydroethidium bromide has been used to measure EC ROS in vitro 35 and in the vascular wall ex vivo. 36 ECs in atherosusceptible aortic arch accumulated more ROS than those in the atheroprotected descending aorta ( Figure 6A ); there was a 16-fold increase in the percentage of ROS-positive ECs in the aortic arch. In coronary arteries, however, robust ROS accumulation was widely distributed, with no significant differences between the atherosusceptible proximal coronaries and atheroprotected distal coronaries ( Figure 6B ). Coronary artery endothelium displayed equivalent levels of ROS to the atherosusceptible aortic arch region of noncoronary arteries and much higher levels than endothelium in the protected region of descending thoracic aorta. These functional measurements are consistent with the patterns of gene connectivity and gene expression identified in coronary and noncoronary endothelium and their corresponding prevalence for atherosclerosis.
Discussion
Susceptibility to atherogenesis is heterogeneous throughout the arterial circulation. Differences in the functional state of the healthy endothelium likely play a key role in atherosusceptibility. However, in vivo studies of endothelial spatial heterogeneity are few, and little is known about the detailed prelesional phenotype in different arterial beds and at different sites of protection or susceptibility to atherosclerosis within the same arteries. Here, we have demonstrated significant differences between endothelium from coronary and noncoronary arteries and reported genomic evidence in support of ER stress as a blueprint for atherosusceptible endothelial phenotype in coronary arteries. Because coronary arteries are particularly susceptible to atherosclerosis, this finding is significant because of the recent identification of ER stress and the UPR in specific regions of atherosusceptibility within noncoronary arteries 14, 37 possibly associated with localized differences in blood flow characteristics. In the coronaries, the proatherosclerotic endothelial phenotype also appears to be region specific, but the ROS distribution is more widely distributed. These findings were revealed despite known endothelial heterogeneity within susceptible sites, and the results likely reflect the integrated phenotype properties of the regions.
Global analyses of multiple arterial regions in a large cohort of animals from different backgrounds ensure that the emergent findings are reflective of a general population. We used a systems biology approach to construct a gene coexpression network to perform this global analysis. The underlying assumption of this approach is that the genes that are similar in terms of the genes they connect to are likely to have similar functions, which allows the overall effect of small differences in endothelial transcripts among arterial beds to be detected because a network of highly connected genes likely plays a significant role in modulating susceptibility to atherosclerosis. Consistently, we detected the upregulation of several connected pathways, such as protein translation, ER, and oxidative stress, as a marker of susceptible endothelium. A similar strategy has been used to model an inflammatory network in ECs. 38 Furthermore, the function of an unknown gene, CHAC1, was predicted 38 and later validated 39 on the basis of its hub status in a tightly connected module.
A limitation of the present study is the inability to confirm the genomic phenotype predictions by quantitation of protein expression in coronary ECs; the number of cells available in coronary artery sites is too small for Western blot analysis. However, site-specific endothelial protein expression in larger arteries outside the coronary circulation confirmed differential ER stress and UPR protein expression consistent with gene expression. 14 Additionally, more high-throughput studies, such as tandem mass spectrometry to measure protein and metabolite levels, are needed to construct detailed biological networks, and traditional approaches, such as gene knockout in mice and siRNA in cell culture, are required to define the causal relationships between different phenotype assessments.
Phenotype differences were more significant between coronary and noncoronary endothelium than comparisons between several noncoronary artery beds. The developmental origin of coronary ECs has not been firmly established. Proepicardium, which is a transitory structure in the developing heart, is thought to give rise to coronary smooth muscle cells. 40 Until recently, proepicardial cells also were believed to differentiate into ECs, 41 but several studies carried out in mouse embryos 42 and chicken-quail chimeras 43 challenge this view. New evidence suggests that coronary ECs arise from the differentiated venous ECs of the sinus and the endocardium in the developing heart. 44 The differences in developmental origin between coronary artery endothelium and noncoronary artery endothelium, which arises from the developing aorta, may underlie the significant transcriptome variation observed in the adult animals in our study. Indeed, the existence of an intrinsic genetic imprint has been demonstrated in ECs from various vascular beds after their isolation and culture in vitro. 8 Furthermore, although ECs isolated from porcine iliac arteries and coronary arteries cultured for several passages lost most of the transcriptional differences observed in vivo, a variety of gene expression differences persisted after several passages, suggesting developmental genetic imprinting. 45 Whether of different developmental origin or not, the coronary arteries share with other arteries a susceptibility to atherogenesis that is amplified in importance by the essential role of coronary arteries in cardiac survival.
The effects of the hemodynamic environment on susceptibility to atherosclerosis has been studied extensively, 46 but there is a paucity of high-resolution flow measurements, particularly in the coronary arteries. Flow models based on vessel geometry, however, predict greater complexity of flow characteristics, including flow separation, in the proximal regions of coronary arteries. 47, 48 Asynchrony of wall shear stress and circumferential strain during a cardiac cycle in the coronary artery system exposes the coronary endothelium to a significantly different hemodynamic environment than the noncoronary endothelium. To date, most of our knowledge about precise coronary hemodynamics comes from computational fluid dynamic models because of the difficulty in imaging blood in beating coronary arteries. 48, 49 In agreement with the presence of predicted disturbed flow regions, the endothelial gene expression profile in proximal coronary arteries was similar to disturbed flow regions of noncoronary arteries. The present study cannot address the role of hemodynamics in establishing the transcriptome differences observed between the proximal and distal regions of coronaries as well as between the coronary and noncoronary arterial beds. Hemodynamic mechanisms that likely contribute to atherosusceptibility include both deformation forces of shear stress and stretch and complex solute transport criteria that vary with oscillating flow. However, Dancu and Tarbell 50 suggested that asynchronous in vivo hemodynamics resulted in proatherogenic gene expression in ECs relative to more synchronous hemodynamics. Therefore, it is conceivable that the observed differences in endothelial transcriptome between arterial beds are due to both genetic imprinting that occurs during development and the unique hemodynamic environment of the coronary arteries.
Atherosclerosis is a chronic inflammatory disease. Growing evidence links inflammation, ER stress, and oxidative stress. 51 Endothelial inflammation has been shown to be regulated by UPR signal transducers XBP1 and ATF4, 52 and ROS have been shown to be generated in ER-stressed cells. 53 Therefore, ER stress that characterizes the atherosusceptible ECs may lead to the accumulation of ROS. It is notable that endothelial ROS levels in coronary arteries are at similar levels to the atherosusceptible aortic arch region and distinctly higher than the atheroprotected thoracic aorta. Coronary arteries are considered to be the most atherosusceptible arterial bed 54 ; elevated ROS levels associated with the presence of ER stress may be a blueprint of susceptibility throughout the coronary arterial endothelium. This suggestion is consistent with a recent study by Haidari et al 55 who also demonstrated increased oxidative stress as measured by ROS accumulation in atherosusceptible endothelium of healthy mouse arteries, although the coronary vessels were not studied. The ER lumen maintains redox conditions to provide an oxidizing environment for protein disulfide bond formation through the activity of protein disulfide isomerase, which has the potential to generate ROS in ECs. 56, 57 We suggest that accumulation of ROS may be a result of chronic ER stress that likely contributes to the initiation of atherosclerosis in coronary arteries and in atherosusceptible regions of the noncoronary arteries; the lower expression of antioxidant genes in coronary arteries, as reported here, adds to their susceptibility to oxidant stress. Collectively, these studies suggest that ROS accumulation during increased protein disulfide bond formation in ER-stressed endothelium leads to low-grade chronic inflammation that renders local regions of healthy arteries more susceptible to extrinsic pathological insults, such as hypercholesterolemia.
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